Purpose: To investigate the incidence of full-thickness macular holes (FTMHs) and their morphological features according to the International Vitreomacular Traction Study (IVTS) classification.
Introduction
A full-thickness macular hole (FTMH) can be defined as an anatomical defect in the fovea with interruption of all neural retinal layers from the internal limiting membrane to the retinal pigment epithelium (Duker et al. 2013) , causing reduced VA and a central visual field scotoma. The recent IVTS Group defined FTMH as primary when caused by vitreous traction, and secondary when due to other pathological processes (Duker et al. 2013) .
Several large-scale population-based studies have reported the prevalence of FTMH to range between 0.2 and 3.3 per 1000 individuals (Rahmani et al. 1996; Mitchell et al. 1997; Wang et al. 2006; Sen et al. 2008) . However, data on FTMH epidemiology are scarce, and to the best of our knowledge, only two studies have provided reliable data on the incidence of this condition. McCannel et al. (2009) reported an annual incidence of idiopathic FTMH, adjusted for age and gender, of 7.8 individuals and 8.7 eyes per 100 000 inhabitants in Olmsted County, MN, USA. Darian-Smith et al. (2016) found an annual incidence of 4.1 individuals per 100 000 inhabitants in Tasmania, Australia.
A detailed study on the morphology of FTMH, based on a widely acknowledged classification system and a nationally representative, epidemiological sample, has not been previously published. The aims of this study were to determine the annual incidence of FTMH in a well-defined Norwegian population, to classify the FTMH according to the IVTS Group classification system (Duker et al. 2013) , and to visualize the morphological features of FTMH in this cohort of patients.
Materials and Methods

Patients
The study was conducted at the Department of Ophthalmology at Stavanger University Hospital, which is the only tertiary referral hospital for vitreoretinal surgery in the county of Rogaland. It serves a population of approximately 450 000 inhabitants. A large fjord separates the county into Southern and Northern Rogaland. Only the population of Southern Rogaland, which per January 2014 counted 352 632 inhabitants, was included in this study.
As part of a retrospective quality of care review (Norwegian Social Science Data Services identifier 22069), an initial search was performed in our patient files, using the International Classification of Diseases (ICD) procedure code for pars plana vitrectomy (PPV), CKD 65, for the 7-year period between 1 January 2008 and 31 December 2014. Subsequently, all patients treated for FTMH were identified by a manual review of the patients' records. All patients with newly diagnosed FTMH underwent surgery with exception of a few cases, where the FTMH spontaneously closed prior to planned treatment. The latter were identified through the screening log of four prospective studies on FTMH (Clinical Trials identifiers; NCT02011165, NCT01680068, NCT02028481 and NCT02295943). The study followed the official ethical regulations for clinical research and the tenets of the Declaration of Helsinki.
Background parameters, optical coherence tomography imaging and macula drawings
The following parameters were retrieved from the patient files; gender, cause of the FTMH as defined by the IVTS group (Duker et al. 2013) , age at the time of diagnosis, duration of symptoms, laterality, best-corrected visual acuity (BCVA) in logMAR, axial length and lens status. Fullthickness macular holes (FTMHs) were defined as primary or secondary. Based on a detailed analysis of the patients' SD-OCT images, the primary FTMHs were classified in clinical stages according to the IVTS Group classification system, that is small ≤250 lm, medium between >250 and ≤400 lm, and large >400 lm. (Duker et al. 2013 ) The FTMH MLD was measured by SD-OCT (Topcon 3D OCT 1000, and Topcon 3D OCT 2000; Topcon Corp., Tokyo, Japan), using the calliper function and software as described in the IVTS Group classification (Duker et al. 2013) . The MLD was measured at the narrowest point in the midretina, roughly parallel to the retinal pigment epithelium. In addition, the largest BD was measured. The presence of ERM, identified as a hyper-reflective structure on the retinal surface and evident VMT on one or more of the OCT line scans, was also evaluated. All images were reviewed and graded by three retina specialists (VAF, BL and JK), and discrepancies were discussed until mutual agreement was reached.
One SD-OCT image of each case, displaying the correct MLD, was exported and used as the basis for the schematic macula drawings made by the last author (JK). The SD-OCT images of left eyes were flipped across the vertical axis, so that all eyes were displayed as right eyes. The drawing tools of the computer software POWER-POINT (Microsoft, Redmond, WA, USA) were used to manually draw the retinal contour, the shape of the FTMH, intraretinal cysts, ERM and the posterior hyaloid membrane including any pseudo-operculum. Each structure was drawn in different colours. All the drawings were then entered into a database of centrally and horizontally positioned macula drawings. By means of a custom-made MATLAB program (The MathWorks, Natick, MA, USA), the collection of digital macula drawings was divided into separate collections for each vitreoretinal structure and FTMH subgroup. The drawings were subsequently filtered and merged to produce colour-coded maps, where the colour intensity was proportional to the number of overlapping tissue structures. Finally, the structurespecific maps were merged into composite colour maps, where the retina, intraretinal cysts, and any ERM and posterior hyaloid membranes including pseudo-opercula, were represented by shades of blue, yellow, red and green, respectively. Separate colour maps were made for various FTMH subgroups.
Statistical analysis
Annual incidence rates were presented as the number of persons per 100 000 inhabitants per year with FTMH in either or both eyes (individual incidence) and as the number of FTMH per 100 000 inhabitants per year regardless if they occurred as unilateral or bilateral cases (eye incidence). Ageand gender-adjusted annual incidence rates were calculated by direct standardization with 5-year intervals for age using as reference population, respectively, the (2016) . From these data, interpolated mid-year populations were found and used in the calculations.
Categorical data were summarized by numbers and proportions, and continuous data were described by mean and standard deviation when normally distributed, otherwise by median and range. The chi-square test was used to analyse differences between categorical data, while the Mann-Whitney U-test was used for continuous data. Poisson regression analysis was used to test for differences in crude incidence between genders. The binomial test was used to compare nasal to temporal VMT. Uniand multivariable linear regression models were applied to evaluate possible associations between diameters (MLD and BD), and other parameters. Dependent variables that were not normally distributed were log-transformed. For the dichotomous response variables VMT and ERM, uni-and multivariable logistic regression modelling were used. In the multivariable regression modelling, variables with a p value <0.2 in univariable modelling and variables considered to be clinically relevant were included. Backward and forward stepwise variable selections were used to help find the final multivariable models. 
Results
Patients
Between 1 January 2008 and 31 December 2014, the procedure PPV (CKD 65) was performed 1375 times in patients from Southern Rogaland. From these records, 173 eyes with FTMH in 162 patients were identified. In addition, the screening logs of four prospective studies on FTMH revealed four patients with unilateral FTMH. In these cases, the FTMH had closed after cataract surgery prior to the planned vitreoretinal surgery. Thus, the study included a total number of 177 eyes in 166 patients with FTMH. Mean age of the patients at the time of diagnosis was 69.3 years (SD = 9) (range, 27-92 years). A total of 152 eyes in 142 patients (86%) had primary FTMH, and 25 eyes in 25 patients (14%) had secondary FTMH. Secondary FTMHs were caused by retinal detachment in 12 patients, trauma in five, complication to vitreoretinal surgery in five, high myopia in two, and following intravitreal injection of ocriplasmin (Jetrea; Thrombogenics, Leuven, Belgium) in one patient.
One hundred and three of 152 (68%) eyes with primary FTMH were in female patients, corresponding to a male-to-female ratio of 1:2.2. Bilateral primary FTMH occurred in 10 of 142 individuals (7%). Patient demographics and clinical data of the primary versus secondary FTMH and differences between genders are presented in Table 1 .
Incidence
All FTMH eye incidence
The overall crude annual incidence of FTMH in Southern Rogaland over the study period was 7.5 per 100 000 inhabitants. The crude annual incidence was found to be 10.4 and 4.7 per 100 000 inhabitants for females and males, respectively. Adjusted for age and gender of the Norwegian population, the annual incidence was 9.3 per 100 000. For females and (13) 47 (31) 83 (55) 150
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All FTMH individual incidence
The overall crude annual incidence of individuals with FTMH in one or both eyes was 7.1 per 100 000 inhabitants. The crude annual incidence of individuals with FTMH in one or both eyes was found to be 9.7 and 4.4 per 100 000 for females and males, respectively. Adjusted for age and gender of the Norwegian population, the annual incidence of individuals with FTMH was 8.7 per 100 000. For females and males, the adjusted annual incidence was 11.9 and 5.5 per 100 000, respectively.
Primary FTMH eye incidence
The crude annual incidence of primary FTMH was 6.4 per 100 000. The crude annual incidence was found to be 8.7 and 4.1 per 100 000 for females and males, respectively. Adjusted for age and gender of the Norwegian population, the annual incidence of primary FTMH was 7.9 per 100 000. For females and males, the adjusted annual incidence was 10.7 and 5.2 per 100 000, respectively (Table 2) .
Primary FTMH individual incidence
The crude annual incidence of individuals with primary FTMH in one or both eyes was 5.9 per 100 000 inhabitants. The crude annual incidence of individuals with primary FTMH in one or both eyes was found to be 8.1 and 3.9 per 100 000 for females and males, respectively. Adjusted for age and gender of the Norwegian population, the annual incidence of individuals with primary FTMH was 7.4 per 100 000. For females and males, the adjusted annual incidence was 10.0 and 4.9 per 100 000, respectively (Table 2) .
Primary FTMH incidences adjusted for different populations
The adjusted annual eye incidence rates standardized to the 2013 European standard population, the 2000 census figures for the United States white population, and the WHO standard population, were 11.3, 8.6 and 4.8 per 100 000 inhabitants, respectively. Similar figures for the adjusted annual individual incidence rates were 11.1, 8.5 and 4.5 (Table 2) .
Macula colour maps
Different morphological features of the FTMH were visualized by merging the macula drawings and displaying the overlapping macular structures on the colour-coded maps. In Fig. 1A , all the macular drawings were merged, including both the primary and secondary FTMH with all the tissue structures. The primary FTMHs were divided into two groups according to the median duration of symptoms (Fig. 1B,C) . A high number of attachments of the posterior vitreous membranes to the FTMH edges were visualized on the image of FTMH with short symptom duration (Fig. 1B) . A larger MLD and BD were seen in the eyes with long symptom duration (Fig. 1C) . A gradual increase in MLD was seen in the primary FTMH which were grouped according to the IVTS classification system as small, medium and large (Figs. 1D-F) . In these images, a difference in the distribution of intraretinal cysts could also be demonstrated. In the small FTMH, the cysts were clustered closer to the hole, whereas they were more diffusely distributed around the boundaries of the large FTMH. A similar cyst distribution was also found in primary FTMH with and without VMT, respectively (Figs 2A,B) . In the eyes with VMT, most of the posterior vitreous membranes were attached to the nasal rim of the FTMH (Fig. 2A) . In the eyes with VMT ( Fig. 2A) and in eyes without ERM (Fig. 2C) , the shape of the macular hole resembled that of a cylinder, whereas it in eyes without VMT (Fig. 2B ) and eyes with ERM ( Fig. 2D ) looked more like an hourglass.
Primary FTMH
IVTS classification
Of the 152 eyes with primary FTMH confirmed by SD-OCT, 151 eyes had SD-OCT images of sufficient quality to reveal detailed morphological and structural information of the macular region and vitreoretinal interface. In 150 of these eyes, a horizontal macular cube scanning protocol was documented, which allowed us to classify the FTMH according to the IVTS. Thirteen per cent (n = 20) of the FTMH were classified as small, 31% (n = 47) as medium, and 55% (n = 83) as large (Table 1) . Mean MLD and BD were 435 lm (SD = 176) and 872 lm (SD = 333), respectively.
Visual function and duration of symptoms
In patients with small FTMH, the mean VA was 0.55 logMAR (SD = 0.16), which was significantly better than the mean VA of 0.63 logMAR (SD = 0.17) in the group of medium FTMH and 0.75 logMAR (SD = 0.21) in the group of large FTMH (p <0.0001). The median duration of symptoms in patients with small and medium FTMH was both 3.5 months (range, 1-12 months and 1-26 months, respectively), compared with 7.0 months (range, 1-24 months) in the group with large FTMH (p = 0.001).
Multivariable linear regression analysis revealed a highly significant positive association between increasing MLD and low VA. Increasing MLD was also significantly associated with long duration of symptoms. Increasing BD had a highly significant positive association with both, low VA and long duration of symptoms. Additionally, a significant positive association between large BD and resolved VMT was found (Table 3 and Fig. 2A,B ).
VMT and ERM
On SD-OCT, VMT was present in 52 (34%) eyes and ERM in 55 (36%) eyes (Table 1) . Forty-five per cent (n = 9) of the small FTMH had VMT and 50% (n = 10) had ERM. In the group of medium FTMH, 40% (n = 19) had VMT and 23% (n = 11) had ERM, whereas for large macular holes 29% (n = 24) had VMT and 41% (n = 34) had ERM. The focal area of vitreomacular attachment was significantly more often localized at the nasal than the temporal rim of the FTMH. In 58% (n = 30) of the cases, the vitreous was attached only nasally, in 19% (n = 10) only temporally, and in 23% (n = 12) both nasally and temporally (p = 0.002) (Fig. 2A) .
Multivariable logistic regression analysis revealed that when MLD and BD are considered together, the chance of VMT increases with increasing MLD and decreasing BD. Thus, the regression model indicates shape differences where large MLD diameter together with relatively small BD increases the chance of VMT. Significant positive associations were also found between the presence of ERM and reduced MLD, increased BD, male gender and long duration of symptoms (Table 4 and Fig. 2A,B) .
The regression models showed that relative large MLD together with small BD increase the likelihood of VMT and absence of ERM, while relative small MLD together with large BD increase the likelihood of resolved VMT and the presence of ERM. This indicates that the shape of the macular hole differs between patients with VMT and patients with ERM, which is illustrated in Fig. 2 .
Difference between genders
In females, the annual incidence of primary FTMH was higher than in males up to the age of 80 years, and this difference reached statistical significance in the 60-69 years group (p < 0.0001). From 80 to 89 years of age, the incidence was higher among males, but this difference was not statistically significant (p = 0.140) (Fig. 3) . The mean age at diagnosis was 69.7 years (SD = 6.9) for females and 71.1 years (SD = 9.0) for males (p = 0.116) ( Table 1 Among the female patients, 39% (n = 40) had VMT compared to 25% (n = 12) of the male patients (p = 0.075). Twenty-seven per cent (n = 28) of the females and 55% (n = 27) of the males had ERM (P = 0.001). The median axial length of female eyes was 23.2 mm (range, 21.5-28.7 mm), and for male eyes it was 23.9 mm (range, 22.4-28.3 mm) (p = 0.0002) ( Table 1) . Multivariable logistic regression analysis revealed a positive association between the presence of ERM and male gender (p = 0.002) ( Table 4) .
Primary versus secondary FTMH
Patients with primary FTMH were significantly older than those with secondary FTMH [70.2 years (SD = 7.7) and 64.1 years (SD = 12.9), respectively (p = 0.028)]. Eyes with primary FTMH also had a significantly better VA of 0.68 logMAR (SD = 0.20) compared to 1.36 logMAR (SD = 0.77) in eyes with secondary FTMH (p < 0.0001). Patients with primary FTMH had a significantly longer median duration of symptoms compared to those with secondary FTMH (5 months (range, 1-26 months) and 1 month (range, 1-36 months), respectively (p < 0.0001) ( Table 1) .
Discussion
In this study, 86% of the FTMH were classified as primary, which is similar to previously reported rates. McCannel et al. (2009) reported 92% of the macular holes to be idiopathic, whereas (2016) reported a ratio of 1:2. The high proportion of females is also consistent with previous reports on FTMH prevalence, presenting male-to-female ratios varying from 1:1.2 in India to 1:7 in China (Wang et al. 2006; Sen et al. 2008) . Bilateral primary FTMH occurred in 7% of the patients, which is in accordance with the finding of 7% by DarianSmith et al. (2016) . Their mean observation period of 6 years compares well with the 7 years of observation in the present study. McCannel et al. (2009) reported a frequency of 12% bilateral macular holes during 10 years of observation. A prospective observational study found 7% fellow eye involvement after six or more years of follow-up. (Chew et al. 1999) In two studies of fellow eyes without posterior vitreous detachment (PVD) in patients with unilateral FTMH, the estimated risk of fellow eye involvement was found to be 11% and 16% over a period of two and five years, respectively (Ezra et al. 1998; Niwa et al. 2005) . In one study not specifying the presence of PVD in fellow eyes, the authors found an incidence rate of bilateral idiopathic FTMH of 13% within 48 months (Lewis et al. 1996) . The frequency of 7% fellow eye involvement found in the present study is probably too low. It is likely that a longer period of observation would have resulted in a higher rate of bilateral FTMH, as some patients probably developed a FTMH in the other eye outside the study period.
The present study allows an estimation of FTMH incidence in a northern European, predominantly Caucasian population. The age-and genderadjusted annual eye incidence of primary FTMH in South Western Norway between 2008 and 2014 was 7.9 per 100 000 inhabitants. As demonstrated in Table 2 , the incidence varies greatly between populations. When adjusting our incidence data to other populations, we found an annual FTMH incidence of 11.3 using the 2013 European standard population as reference, and a much lower incidence of 4.8 when the WHO standard population was used. This is a result of differences in the demographic profiles, as the European population is older than the WHO standard population. Such age disparities make direct comparisons of crude incidence rates between populations unreliable and illustrate the needs to report adjusted rates with a common reference population for fair comparisons. When adjusting to the 2000 census for the United States white population, the annual incidence was 8.6 per 100 000 inhabitants. This is similar to the incidence of 8.7 reported by McCannel et al. (2009) in a study from Olmsted County, MN, USA, where they adjust to the same United States white population, and where the study population like ours comprises Caucasians of northern European heritage. In the Australian study from Tasmania by Darian-Smith et al. (2016) , there is unfortunately no information on eye incidences. They reported an annual individual incidence of only 4.1 per 100 000 in a population of mainly Caucasian and northern European origin where they adjust to the Australian population. This is considerably lower than the corresponding incidence of 7.4 in the present study, but an extrapolation of the Australian findings to the Norwegian population could not be made.
Our study is the first to provide detailed SD-OCT-derived morphological characteristics of FTMH based on a nationally representative epidemiological data set. The mean MLD was 435 lm, and 55% of the FTMH were classified as large, 31% as medium and 14% as small. Both the MLD and the BD were significantly and positively associated with increased duration of symptoms and reduced VA. Furthermore, increased BD was positively associated with resolved VMT. Fortyfive per cent of the small FTMH presented with VMT compared to only 29% of the large FTMH. The same pattern was found in a study by Madi et al. (2015) , where the comparable figures were 47% and 10%, respectively. This could be explained by the natural course of the disease, where the initial formation of a primary macular hole is caused by the VMT . Over time, the FTMH enlarges, and in many cases the VMT spontaneously resolves (Madi et al. 2015) . These considerations imply that the distribution of FTMH sizes and presence of VMT can vary substantially by the regional healthcare provision.
Our findings suggest that the release of VMT leads to a relatively greater enlargement of the BD than the MLD. When using multivariable regression to analyse the effect of VMT on the MLD and BD, we found that a small MLD combined with a large BD was inversely associated with the presence of VMT. Consequently, in eyes with VMT, the macular hole looks like a straight cylinder, whereas it may take the form of an hourglass after release of the VMT. This is in accordance with a recent study by Woon et al., who showed that VMT release was the event that had the greatest impact on the increase of the inner diameter of the FTMH. They also found that the BD increased substantially more than the MLD (Woon et al. 2015) . Steel et al. (2016) reported that FTMH in a presumably earlier stage with narrow MLD relative to BD, had a greater chance to close following intravitreal ocriplasmin injection. These observations allow us to propose a model of FTMH maturation from a cylinder shape into an hourglass shape, which is accelerated by the release of the VMT. When we performed the same analyses on the effect of ERM on the MLD and BD, we found the opposite pattern. A small MLD combined with a large BD was positively associated with the presence of ERM. This means that the macular hole in eyes with ERM has the shape of an hourglass, whereas it in cases without ERM looks more like a cylinder. It has been postulated that early development of PVD with incomplete vitreoretinal separation in the perifoveal macular region, contributes to ERM in cases with primary FTMH (Johnson 2005; Schumann et al. 2006) . Over time, further development and maturation of the ERM takes place and transmission electron microscopy have revealed fibrocellular tissue attached to the ILM in 51% of stage III macular holes compared to 80% in stage IV macular holes (Schumann et al. 2006 ). This again fits well with our observation of a significant positive association between ERM and duration of symptoms.
We are not aware of previous reports on the considerably higher proportion of nasally compared to temporally located vitreomacular attachments in FTMH. It has earlier been described that the vitreopapillary adhesion is strong and therefore the last area in the posterior pole to separate during PVD (Foos & Roth 1973; Johnson 2005) . We believe that the firm vitreopapillary and peripapillary adherence are a contributing factor to the delayed vitreoretinal separation at the nasal rim of the macular hole.
The female predominance in primary FTMH incidence was strongly significant in the age group of 60-69 years. For the age interval 80-89 years, however, males had the highest incidence rates. Interestingly, the same pattern was found in the material of Darian-Smith et al. (2016) . Studies have reported an earlier onset of PVD and a generally higher proportion of PVD in females compared with males (Foos & Wheeler 1982; Yonemoto et al. 1994) . Furthermore, a twofold increase in the risk of PVD among females has been reported together with a strong association between PVD and history of menopause (Chuo et al. 2006) . There is also evidence that the postmenopausal decline in oestrogen level leads to increased vitreous liquefaction, and that such sudden menopausal hormonal changes increase the likelihood of FTMH (Foos & Wheeler 1982; Larsson & Osterlin 1985; Evans et al. 1998 ). This has been supported by animal research, where a decreased exposure to sex hormones was associated with a lower concentration of hyaluronan in the vitreous (Larsen 1958) . These relations may explain both the differences in FTMH incidences between genders, as well as the trend towards an earlier peak incidence among females.
Our results showed a significantly longer mean axial length in the eyes of male than female FTMH patients. Such gender difference has also has been shown in previous epidemiological studies of general populations (Eysteinsson et al. 2005; Shufelt et al. 2005; Fotedar et al. 2010) . The multivariable logistic regression analysis revealed that male FTMH patients had a greater likelihood of coexistent ERM compared to females. We are uncertain how to interpret this finding, which may be coincidental, as the incidence of ERM in the general population has been found to be equally distributed between genders (Klein et al. 1994; Fraser-Bell et al. 2003 ).
An important limitation of our study is the retrospective data collection, which led to some loss of data and lack of standardization of clinical examinations. The incidences were determined from an observation period of only 7 years, and a longer time interval with a larger sample size would provide more accurate estimates. Further, we cannot completely exclude the possibility that we have missed some patients. Some cases could have been lost due to referral elsewhere or not referred at all, incorrect coding, spontaneous closure or patient's refusal of surgery, and we may therefore have underestimated the actual incidence of FTMH in our region. In summary, we have classified an epidemiological data set of FTMH according to the new IVTS classification system and determined the annual incidence rates of this condition in our region. Our detailed morphological analysis and the novel computational visualization technique based on SD-OCT have provided new insight into the structural complexity of FTMH and the impact of VMT and ERM on the macular hole configuration.
